Large area fabrication of metal alloy nanoparticles with tunable surface plasmon resonances, on low cost substrates is reported. A UV excimer laser was used to anneal 5nm thick Ag Au bilayer films deposited with different composition ratios to create alloy nanoparticles. These engineered surfaces are used to investigate how the wavelength of the surface plasmon resonance affects the optical detection capability of chemical species by Surface Enhanced Raman Spectroscopy.
Large area fabrication of metal alloy nanoparticles with tunable surface plasmon resonances, on low cost substrates is reported. A UV excimer laser was used to anneal 5nm thick Ag Au bilayer films deposited with different composition ratios to create alloy nanoparticles. These engineered surfaces are used to investigate how the wavelength of the surface plasmon resonance affects the optical detection capability of chemical species by Surface Enhanced Raman Spectroscopy.
Metal nanoparticle films (MNFs) are attracting considerable attention in the fields of Raman biosensors[1, 2], gas sensors [3] , solar cells [4, 5] and light emitting diodes [6] due to enhancement in light coupling efficiency between the surface plasmons (SP) developed at the nanoparticles and the device.
Use of metal alloy nanoparticles can optimize the surface effect of enhanced Raman scattering (SERS) by tuning their plasmon resonance absorption close to the laser frequency used to probe the Raman signal from molecules on their surface [7, 8] . However, despite these attractive properties, challenges exist regarding large scale adoptation of plamonic nanoparticle surfaces. One of the major challenges in device fabrication is the production of uniform MNFs over large area substrates and repeatable tune-ability of their surface plasmon resonances (SPR). The maximum energy coupling in SERS coincides with the wavelength of the metal nanoparticles SPR and is localized at "hotspots" [7, 9, 10] .
Changes in the SPR optical absorption due to different composition of Ag and Au in alloy nanoparticles has been demonstrated previously [11, 12] . The effect is attributed to the change in the dielectric function of the alloy nanoparticles from the volumetric contributions of Ag and Au. Unlike many other fabrication methods, which include chemical synthesis [13] , pulsed laser deposition [14] , or thermal annealing [15] , pulsed laser nanostructuring of thin metal films can be applied over large areas at low cost to fabricate supported nanoparticle surfaces. Henley et al [16] and Trice et al [17] studied the process for single metal films. Herein, we present the synthesis and characterization of metal alloy nanoparticles with tunable SPR by laser nanostructuring of Ag Au bi-layer films and discuss how the position of the maximum absorption affects the SERS efficiencies.
Corning glass substrates where cleaned in a ultrasonication bath for 10 min in acetone and blow dried with nitrogen. Metal films were deposited in two layers by evaporating silver and gold separately. The total film thickness was fixed at 5nm while the thickness of each individual layer was deposited according to (AgxAu5-x) where x = 1, 2, 3, 4, 5 in nm. The average deposition rate for all materials was 0.1 -0.2 Å/s and a pressure of 1.0 x 10 -6 Torr was maintained in the evaporation chamber during this process. A Lambda-Physik LPX 210i excimer laser operating at 248 nm, with a pulse duration of 25 ns was used for the rapid annealing. All the samples were mounted on X-Y translation stage moving at a typical speed of 60mm/min where the whole sample (up to 6" in diameter) could be annealed at the same fluence. A Gaussian profile pulse with 176mJ/cm 2 fluence and repetition frequency of 15Hz was used to nanostructure the films and create uniform coatings of alloy nanoparticles. After the rapid annealing a strong change in color was observed in the irradiated paths (see Figure 1 (a-f)) compared to the blue-grey initial color. This color change is attributed to the generation of metal nanoparticles with SPR absorption in the visible regime. A theoretical study [18] has been performed to determine the Statistical approximate Absorption (SA) for a film composed from a mixture of pure Ag and Au nanoparticles at different diameters. The simulation revealed two distinct peaks exist for such film, and therefore the single peak observed in the real measurements is attributed to alloyed nanoparticles. For the SA (Figure 2 (b) ) AFM data extracted from the real films were used in the calculations with equation (1)
Where Q the scaling factor based on composition, f(d) the frequency of events per diameter d and α the theoretical absorption.
The surface Plasmon resonance is red shifted and broadened as the composition of Ag in the alloy is reduced. Our observations agree with previous studies for similar systems [11] . The exception to this is for the alloy composition with x = 4, where the intensity of the peak is higher compared with the pure Ag film. The statistical analysis combining the Ag3Au2 film simulation data at different size distributions (Figure 2 (b) ) shows that increasing the particle size affects the absorption intensity significantly, while the position of SPR absorption peak remains almost unaffected. This simulation confirms that the shift in the absorption peak observed is due to variations in the dielectric function of nanoparticles, which is caused by the different alloy compositions. Thus the bi-modal size distribution for x=2 and 3 is not the main reason for the dual maximum in the absorption peaks. These dual absorption peaks should be attributed to composition variations. This dual peak absorption phenomenon has significant importance because it demonstrates that energy absorption can be increased over wide range of wavelengths. This is vital especially for solar cell applications where it is required to increase the absorption efficiency over the entire range of the sun's radiated wavelengths, even if the primary absorption band of the photoactive material may not be initially able to absorb the energy as a single photon process. A 1µM aqueous solution of Rhodamine 6G (R6G) was used to investigate the SERS enhancement of the MNFs. A single 5µL droplet was placed on each substrate. All substrates were enclosed in a petri dish for 20 min and allowed to dry, controlling the rate of evaporation of water molecules to ensure uniform distribution of test molecules over the substrates. Distilled water was used to wash off the excess R6G, and the sample was blown dry with nitrogen. Raman spectra were recorded using a Renishaw micro-Raman 2000 system with a 514 nm laser at 4mW and a 25% power attenuator. A (50X) optical lens was used to focus the laser down to an approximately 1µm diameter spot. The detector integration time was set at 1sec and 50 accumulations at the same location were acquired to improve the signal-to-noise ratio. Figure 3 (a) shows the typical R6G Raman scattering spectra taken from the different alloy MNFs. Different enhancement factors were observed from each different alloy composition. It should be noted that no Raman signal were detected for this concentration of R6G on plain glass substrates (Ref. at Figure 3 (a) ) although high fluorescence recorded. A clear Raman signal from untreated substrates could only be observed for 1mmol solution, a 1000x higher concentration than was deployed on SERS substrates.
The method used to apply the test analyte gave uniformly distributed films across the substrates. Therefore, the difference in the enhancement is considered to be due to different coupling efficiencies in the energy transferred from the surface plasmon resonance to the "hot spots" for the analyzed species. The intensity of the Raman scattering at the 1361 cm -1 peak versus the SP absorption maximum wavelength is plotted in (Figure 3 (b) ).
One can see that the Raman intensity for the Ag2Au3 with SPR maximum at 514nm is higher than most of the other films. This confirms experimentally that SERS is higher for SPR wavelengths close to the probe laser wavelength. The high Raman intensity for the plain Ag nanoparticles is attributed, we believe, to the strong R6G binding affinity to silver altering the concentration of R6G in that area and hence the Raman intensity. In addition, the SERS enhancement for pure Ag films is in general stronger than for pure Au hence the enhancement of Ag2Au3 is more significant.
In conclusion, a method to fabricate large area plasmonic substrates with metal alloy nanoparticles and tunable SP resonance is demonstrated. The tune-ability of the SP wavelength is shown to modify the SERS enhancement of R6G delivered to the nanostructured surface. It is suggested that the laser nanostructuring method could be applied for fabrication of a wide range of metal alloy nanoparticle films over large areas for sensing or energy coupling applications.
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